Introduction
The intense current interest in uranium arises from its known toxicity and the possibility of human exposure to it. Severe exposure to uranium compounds can cause acute renal failure; uranium is also known to induce minor damage to the liver. 1 Very low concentrations of uranium are normally present in various complex materials, like nuclear energy sights, alloys, plants, seawater and industrial effluents. Therefore, it is very important from an analytical point of view to develop sensitive, selective, rapid and economical methods for its quantitative determination, even when present in trace amounts.
Uranium may be determined spectrophotometrically using various complexing agents after extraction of its complexes in some organic solvents. [2] [3] [4] These methods lack sensitivity and selectivity.
Although atomic absorption spectroscopy, 5, 6 neutronactivation analysis, 7 X-ray fluorescence, 8 ICP-AES 9, 10 and ICP-MS 9,10 may be applied for the determination of uranium in complex samples, these instruments are expensive, day to day maintenance is high and they are not free from various types of inherent interference. [5] [6] [7] [8] [9] [10] It is not possible to determine metal ions in complex samples when the concentration is below the detection limit of the instrument used. Therefore, preconcentration methods are very much needed to bring the concentration of a particular metal ion to the desired level of an instrument, like a polarograph in the present case (in this case, 7.5 µg may be concentrated from 150 ml of the aqueous sample where its concentration is as low as 50 ng/ml; such a low concentration is not possible to determine with the differential pulse polarograph, provided that it is concentrated to the desired volume).
Although solvent extraction is a simple and convenient technique for separating and concentrating metal ions, it cannot be applied directly to metal ions, which form stable complexes with the chelating agents only at elevated temperatures. This difficulty may be overcome by using molten naphthalene as the extractant for thermally stable metal chelates. 11, 12 Solid-liquid separation after the adsorption of metal chelates on microcrystalline naphthalene is a more rapid and convenient method, and can be applied to many types of metal complexes. 13 Uranium(VI) is adsorbed as a uranium trifluoroethylxanthate (TFEX)-cetyltrimethylammonium (CTMA) ion-pair complex on microcrystalline naphthalene quantitatively in the pH range 4.2 -7.0. Without cetyltrimethylammonium as the counter ion, the adsorption is hardly 70%. The metal has been desorbed with HCl and determined with a differential pulse polarograph. Uranium can alternatively be quantitatively adsorbed on TFEX-CTMA-naphthalene adsorbent packed in a column at a flow rate of 1 -5 ml/min and determined similarly. A well-defined peak has been obtained in this medium at -0.20 V versus a saturated calomel electrode. Cyclic voltammetry, differential pulse polarography and D.C. polarography studies indicate that uranium has been reduced irreversibly under these conditions. The detection limit is 0.30 µg/ml at the minimum instrumental settings (signal-to-noise ratio of 2) (with a preconcentration factor of 10, the detection limit would be 30 ng/ml for uranium when the volume in the cell is 15 ml). However if the volume in the cell is 5 ml, it would have been 10 ng/ml with a preconcentration factor of 30. Linearity is maintained in a concentration range of 0.5 -19.0 µg/ml (2.1 -79.83 × 10 -9 M) with a correlation factor of 0.9994 and a relative standard deviation of ±1.1% (in this case 7.5 µg may be concentrated from 150 ml of the aqueous sample where its concentration is as low as 50 ng/ml). Various parameters, such as the effect of the pH, volume of the aqueous phase, flow rate and the interference of a large number of metal ions and anions on the determination of uranium, have been studied in detail to optimize the conditions for its trace determination in various complex materials, like alloys, coal fly ash, biological, synthetic, and waste-water samples. method is the filtration and drying of a small amount of the solid after the preconcentration step. The preconcentration of metals may also be achieved using various adsorbents, such as thiol cotton, 15 XAD-2 resin, 16 cellulose, 17 octylsilane 18 and various metal oxides and hydroxides. 19 Although, some of them are quite effective, their preparation methods are lengthy, and also involve rigid control of the experimental conditions. The desorption of a metal complex is carried out by the slow process of elution (probably the metal complex may be held up by the interior surface of the adsorbent, and is hence not easily eluted, and thus the elution is completed in 3 -4 steps; e.g. in the case of the elution of the uranium-oxinate complex from octylsilane, 18 elution is completed in three steps using 5 ml of CHCl3 in each case), thus the method is time consuming.
The catalytic 20 and adsorptive 21 polarographic waves of uranium have been utilized for its trace determination in some complex materials. Uranium may also be determined by adsorptive stripping voltammetry [22] [23] [24] [25] [26] [27] and squarewave stripping voltammetry. 28, 29 These methods may be fairly sensitive, but not sufficiently selective and reproducible. The reproducibility depends upon a number of parameters, like the rigid control of the temperature, pH, reagent concentration, surface area of the working electrode, stirring time, and the rate of formation of film on the electrode. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Several studies on the direct polarographic determination of uranium after extraction of its metal complexes into organic solvents have been reported. [30] [31] [32] [33] Unfortunately, electrochemical methods for the direct determination of reducible substances require that the solvent have a fairly high dielectric constant so that a well-defined polarogram can be obtained. In this regard, various workers have mixed the organic phase after the preconcentration step with a solvent of high dielectric constant to obtain well-defined polarograms. 18, [30] [31] [32] [33] The main disadvantages of these methods are that the organic solvents used are expensive and toxic due to their low boiling point and poor sensitivity, since the organic phase must be mixed with a solvent of high dielectric constant to obtain well-defined polarograms, these methods are also time consuming, because pure nitrogen gas must be passed for at least 15 -20 min, which results in a partial evaporation of the organic solvent, and thus affects the reproducibility of the method. 18, [30] [31] [32] [33] In the present work, we developed a simple, rapid, economical, sensitive and selective differential pulse polarographic method for the direct determination of uranium after the adsorption of its trifluoroethylxanthate(TFEX)-cetyltrimethylammonium (CTMA) ion-pair complex on microcrystalline naphthalene quantitatively. The preconcentration of uranium can also be possible by passing its aqueous solution on TFEX-CTMA-naphthalene adsorbent taken in a column. After the preconcentration step, the metal can be easily desorbed with HCl, which is much cheaper than many organic solvents, and is easy to handle. 18, [30] [31] [32] [33] At the same time, the reagent does not interfere with the polarographic determination of uranium. 34 Thus, most of the above-mentioned problems of the already reported methods can be solved by this method. Various parameters have been evaluated, and the developed method has been successfully employed for the determination of uranium in various complex materials.
Experimental

Apparatus
Polarograms were recorded with a three-electrode Elico (Model CL-90, India) polarographic analyzer outfitted with an X-Y recorder (Model LR-108 New Delhi, India). Cyclic voltammograms were recorded with a cyclic voltammeter (BAS Model CV-27, USA) outfitted with an X-Y-T recorder using a mercury drop as working and Ag/AgCl as reference electrodes, respectively. An Elico pH meter (Model LI-612, India) was employed for pH measurements. A glass column used for the preconcentration was 60 mm long and had an i.d. of 7 mm. The column was plugged with polypropylene fiber and then filled with the adsorbent to a height of 1.0 -1.2 cm after pressing lightly with a flat glass rod.
Reagents
All of the reagents used were of analytical grade. A solution of UO2(CH3COO)2·2H2O was prepared by dissolving 1.7800 g of the salt in water in the presence of a few milliliters of concentrated nitric acid and diluted to 1000 ml with water in a calibrated flask. It was standardized with a known method, as given in the literature. 35 A 10 µg/ml working solution of the metal ion was prepared by diluting the stock solution. Sodium trifluoroethylxanthate (TFEX) was prepared by a method of Dewitt and Roper. 36 A 0.2 g of the reagent (TFEX) was dissolved in 100 ml of distilled water. A 1% solution of CTMAB was prepared in water. A 20% solution of naphthalene was prepared in acetone. A buffer solution of pH ~5 was prepared by mixing an appropriate volume of 0.5 M sodium acetate and acetic acid solutions. Solutions of alkali salts (1%) and various metal salts (0.1%) in distilled water were used to study the interference of anions and cations, respectively. Twice-distilled water was used whenever required.
Pretreatment of standard alloy, biological samples, coal fly ash and water samples from various sources
A solution of the standard alloy was prepared as described in the literature. 37 A 0.5 g sample of the alloy was dissolved in 30 -50 ml of 6 M HCl by heating on a hot-plate, and then 3 -5 ml of 30% hydrogen peroxide was added to it. The excess of the peroxide was decomposed by heating the above-mentioned solution in a water-bath. This solution was cooled, filtered if needed and diluted to 100 ml with distilled water in a standard flask. Synthetic samples corresponding to standard alloys 38 and ores 38 were prepared in water in the presence of a few milliliters of concentrated HCl, or their salts with various metal ions were treated in a similar manner as that for the standard alloys of uranium, as discussed above.
Solutions of the standard biological materials were prepared by dissolving 1.0 g of each of the biological samples (National Institute for Environmental Studies, Japan CRM: No. 5 Human hair, CRM: No. 7 Tea leaves, CRM: No.3 Chlorella, and CRM No.1 Pepperbush) in 25 ml of concentrated nitric acid and 1 ml of concentrated perchloric acid in the presence of a known amount of uranium by heating in a water-bath. The solution was cooled and diluted up to a volume of 100 ml with distilled water in a standard flask. 37 A 5-g sample of the coal fly ash was taken in a beaker and mixed with 50 -60 ml of 6 M HCl and 10 -15 ml of concentrated nitric acid. The mixture was heated almost to dryness on a hot-plate. The residue was shaken with 10 -15 ml of 1 M HCl, diluted with 10 -15 ml of water, and filtered; the filtrate was diluted to 100 ml with distilled water in a calibrated flask. 37 Each 100-ml portion of the water samples from various industrial effluents was taken individually in 250 ml beakers, 5 ml of concentrated nitric acid was added. The solution was heated almost to dryness on a hot-plate. The residue was dissolved in 5 ml of 1 M HCl and diluted to 100 ml in a 428 ANALYTICAL SCIENCES APRIL 2002, VOL. 18 calibrated flask with distilled water. 37 A 100-ml sample of tap water from a laboratory of the Department of Chemistry, Indian Institute of Technology, New Delhi, India and another from a tube-well (underground water from I. I. T. campus) were taken individually and analyzed directly without any pretreatment. 37 Preparation of a TFEX-CTMAB-naphthalene adsorbent A naphthalene solution was prepared by dissolving a 10 g sample in 100 ml of acetone. It was mixed with 500 ml of distilled water containing 0.05 g of CTMAB. The whole mixture was stirred at 25 -30˚C on a hot-plate-stirrer, followed by the addition of 100 ml of a 0.2% TFEX solution in water. The mixture was stirred for 3 h and kept for another 5 h at room temperature. The supernatant liquid was drained off by decantation and the remaining mixture was washed twice with distilled water. The final adsorbent was in the form of a slurry of TFEX-CTMAB-naphthalene adsorbent and stored in a bottle for subsequent use.
General procedure
An aliquot of a solution containing 7.5 -285.0 µg of uranium was taken in a 100 ml conical flask and diluted to ~40 ml with distilled water. To this solution, 1 ml of 1% CTMAB and 2 ml of 0.2% reagent (TFEX) solutions were added. The pH of the solution was adjusted to ~5 with the addition of 2 ml of a buffer. The solution was allowed to stand for 3 -5 min at room temperature to ensure complete complex formation. To the above solutions, 2 ml of a 20% naphthalene solution in acetone was added with vigorous and continuous shaking for 2 -3 min. The solid mass containing the metal complex adsorbed on naphthalene was filtered on a sintered glass filter. The metal was desorbed from the solid mass with 15 ml of ~2 M hydrochloric acid and the solution transferred to a polarographic cell. In the column method, the adsorbent was conditioned to pH ~5 by passing 5 ml of a buffer solution of pH ~5 through the column at a flow rate of 1 -2 ml/min before the uranium solution was passed. The column was finally washed with water. The desorption of metal was carried out by passing 15 ml of 2 M HCl at a flow rate of 1 -2 ml/min. The dissolved oxygen was removed by passing pure nitrogen gas for 3 -5 min and the differential pulse polarogram was recorded.
Results and Discussion
Preliminary observations indicated that U(VI) gives a welldefined differential pulse polarogram in 2 M HCl 39 with Ep = -0.20 V vs. SCE. Many other supporting electrolytes, like H2SO4, HNO3 and HClO4 were also tried without any effect. 39 Differential pulse polarograms of uranium under these conditions shows a half-peak width of 100 ± 2 mV in both normal and reverse scan modes. Plots of the applied potential versus log[i/(id -i)] (i is the current corresponding to E, while id the total diffusion current) from a D.C. polarogram has a slope of -60 ± 2 mV. A cyclic voltammogram of uranium using a stationary mercury drop or hanging drop mercury as the working electrode, recorded under the conditions mentioned above, gives only a cathodic wave. This study clearly indicates that uranium is reduced irreversibly under these conditions. 40, 41 
Effect of pH on the differential pulse polarogram of uranium
The effect of the pH on the polarograms of uranium was studied after the preconcentration step (after desorption of the metal complex with 15 ml of 2 M HCl) with a dilute solution of sodium hydroxide, while keeping all other conditions constant.
The shape of the differential pulse polarograms, Ep and peak heights were found to be almost constant over the pH range 0.45 -6.8 (selection of a suitable pH value may be helpful for avoiding the interference of some metal ions in the polarographic determination of uranium after the preconcentration step because E1/2 of some metal ions are pH dependent). The peak height was considerably decreased above pH ~7, probably due to hydroxide formation. Therefore, all studies were carried out at pH ~0.5, since it was achieved simply by the desorption of the metal with 15 ml of 2 M HCl after the preconcentration step.
Retention capacity of the adsorbent
The retention capacity of the adsorbent was determined by a batch method. The experiment was performed by taking 5 mg of uranium, 2 ml of the buffer solution (pH ~5) and 40 ml of water in a beaker. After this solution was transferred into a separating funnel, a suitable amount of the adsorbent (TFEX-CTMAB-naphthalene) was added to it. The separating funnel was shaken vigorously on a mechanical shaker for 15 min. The solid mass was separated by filtration and uranium was determined from the filtrate by differential pulse polarography. The solid mass on the filter paper was dried in an oven, kept in a desiccator and then weighed to determine the mass of the adsorbent. The maximum amount of retained uranium was 2.1 mg/g of the adsorbent. It was also noted that the retention capacity depends on the amount of CTMA and TFEX supported on naphthalene.
Reaction conditions
The reaction conditions were established using 150 µg of uranium. The uranium-TFEX-CTMA ion-pair complex was quantitatively adsorbed on microcrystalline naphthalene in the pH range 4.2 -7.0 (Fig. 1) . The addition of 1 -10 ml of buffer of pH ~5 did not affect the retention of the metal complex on microcrystalline naphthalene or the metal on the adsorbent; 2 ml of it was recommended in the present work. Preliminary studies indicated that 0.5 -5.0 ml of 1% CTMAB and 0.5 -7.0 ml of 0.2% TFEX were sufficient for the quantitative adsorption of U-TFEX-CTMA complex on microcrystalline naphthalene. Therefore, 1 ml of CTMAB and 2.0 ml of TFEX were used in the present work. It was observed that a 100% retention of the U-TFEX complex took place only in the presence of CTMA. In the absence of CTMA, ~70% retention of the metal TFEX complex took place on microcrystalline naphthalene. This indicates that a part of the uranium complex with TFEX might be negatively charged and that in the presence of positively charged CTMA, neutral ion associated complexes might be formed, and thus the retention improved further. The uranium was completely desorbed with 10 ml of 0.1 -5.0 M hydrochloric acid. The peak height and shape of the differential pulse polarograms were found to be constant in the concentration range of 1.25 -3.5 M HCl. Therefore, 15 ml of 2.0 M HCl was used for subsequent studies. The amount of naphthalene (20% in acetone) was varied from 0.5 to 5.0 ml and adsorption was carried out by the general procedure. The adsorption was constant and maximal irrespective of the amount of the naphthalene used, and hence in all of the experiments 2 ml of the 20% naphthalene solution was used. It was observed that the peak current was maximal and constant when the volume of the aqueous phase did not exceed 100 ml (preconcentration factor of ~7; it was 20 if the volume of solution was 5 ml in the polarographic cell) in the case of the microcrystalline method and 150 ml for the column method (preconcentration factor of 10; it was 30 if the volume of solution was 5 ml in the polarographic cell). Hence, in all of the experiments, 30 -40 ml of the aqueous phase was maintained for convenience. The flow rate was varied from 0.2 to 8.0 ml/min using the column method. It was found that a flow rate of up to 5.0 ml/min did not affect the retention of the metal complex; a flow rate of 1 -2 ml/min was used in the present work. However, in the case of a large volume of the aqueous phase, a flow rate of 5.0 ml/min may be used.
Analytical parameters
A calibration plot for the determination of uranium was prepared according to the general procedure under the optimum conditions developed above from its differential pulse polarograms with different concentrations.
A typical differential pulse polarogram for uranium is given in Fig. 2 . The detection limit was 0.30 µg/ml (signal-to-noise ratio of 2), which was linear over the concentration range of 0.5 -19.0 µg/ml (7.5 -285.0 µg in 15 ml of the final solution after the preconcentration step) with a correlation factor of 0.9994 and a relative standard deviation of ±1.1%. Table 1 Effect of diverse ions on the estimation of uranium Conditions: U, 150.0 µg; reagent, 2.0 ml (0.2% TFEX); CTMAB, 1.0 ml (1%); naphthalene, 2.0 ml (20%). a. Masked with 10 ml of a 5% NaCN solution. b. Fe(III) was masked with the addition of 5 ml of a 10% triethanolamine solution. c. Masked with 10 mg of EDTA during the preconcentration step.
Salt or ion added
Tolerance limit 
Effect of foreign ions
The effect of various salts of anions and cations on the adsorption, and subsequently on the differential pulse polarographic determination of 150 µg of uranium, was studied individually by the general procedure (Table 1) . Among the anions studied, many could be tolerated up to mg/g. Since EDTA does not interfere with the determination of uranium, it may be used as a masking agent for other metal ions when they are present along with uranium in large concentrations. Among the cations studied, many could be tolerated up to the mg level, . Although their interference is mainly due to the consumption of the reagents, Fe 3+ and Cu 2+ are also reduced under these conditions. And although relatively low amounts of these metal ions may be tolerated, Fe 3+ could be masked with 5 ml of a 10% triethanolamine solution, and the rest with 10 ml of a 5% sodium cyanide solution during the adsorption step. Ions Fe 3+ , Ni 2+ , Co
2+
, Cu 2+ and Cd 2+ may also be masked with 10 mg of EDTA (1.0 ml of 1% EDTA solution) during the preconcentration step, since the formation constant of these metal EDTA complexes must be higher than that of xanthates. Thus, the method is fairly selective and may be safely used for the determination of uranium in various complex materials.
Application to the analysis of standard alloy, coal fly ash, standard biological materials and water samples
The accuracy and applicability of the proposed method was evaluated based on its applications on a standard alloy, a coal fly ash sample, various standard biological materials and water samples. An aliquot of the pretreated standard alloy, standard biological materials, coal fly ash, and water samples (50 -100 ml) was taken individually; to it were added 5 ml of a 10% triethanolamine solution and 10 ml of a 5% sodium cyanide solution as masking agents. Uranium was determined by a general procedure (microcrystalline/column methods depending upon the dilution factor, microcrystalline method is more rapid; however, its preconcentration factor is comparatively lower than the column method). For samples that did not contain uranium, a known amount of uranium was added to them. The results are given in Tables 2, 3, Table 3 Determination of uranium in synthetic samples corresponding to ores and alloys a. Average of 5 determinations, ± standard deviation. Fe 3+ was masked with 5.0 ml of a 10% triethanolamine solution and other metal ions with 10.0 ml of a 5% sodium cyanide solution during the preconcentration step.
Sample with composition (%)
Amount of metal taken (µg/100 ml) Uranium found a (µg/100 ml) 
